A boron-doped diamond (BDD) electrode was constructed as a water disinfector for the inactivation of water borne pathogens. The bactericidal effect of the disinfector was evaluated on artificially contaminated waters containing, respectively, Escherichia coli, Pseudomonas aeruginosa and Legionella pneumophila at high density. By treating the bacterial suspensions with 4 V of constant voltage between the BDD and the counter-electrode for 50 min, the population of E. coli and P. aeruginosa decreased from (10E þ 7-8 colony-forming unit mL À1 ) to below the detection limits of the colony-formation method. Meanwhile, L. pneumophila were reduced to virtually zero when analyzed by fluorescence-based staining. The influences of production parameters (voltage, NaCl concentration and flow rate) on the disinfection kinetics of the BDD disinfector were examined with respect to operational conditions. Voltage was the most significant factor for adjusting the extent of electrolysis, followed by NaCl concentration and flow rate, to influence the disinfection efficiency.
INTRODUCTION
Water contamination is a major cause of water borne diseases and seriously threatens public health. These Our previous report has shown that the boron-doped diamond (BDD) electrode has excellent electrochemical stability and high overpotential for the generation of the usual water electrolysis products (H 2 and O 2 ), and these properties were revealed to be superior to those of platinum (Pt) or glassy carbon electrodes (Zhi et al. ) . Similar findings for anodic oxidation with a BDD electrode for the removal of chemical oxygen demand (COD) was also reported by Kraft et al. () . Due to these advantageous properties, employing the BDD electrode in combination with photocatalytic titanium dioxide materials to develop a high-performance, environmentally friendly water treatment system for practical use is our further objective (Ochiai et al. ) .
Here, as a spearhead test of the development described, we applied a BDD electrode as a water disinfector to examine the kinetics of the disinfection of waterborne pathogens.
E. coli was used as the main test bacteria and microbial indicator of water quality to assess the bactericidal efficiency. P. aeruginosa and L. pneumophila were also used as model microorganisms in experiments, because these are typical pathogens causing waterborne diseases (Lee et al. ; Steinert et al. ) . Viable bacteria were detected by the microbial heterotrophic plate-counting method. Also, bacterial fluorescence staining was applied for rapid identification of live or dead cells of L. pneumophila. The influential operating parameters (voltage, NaCl concentration and flow rate) on bactericidal activation were investigated to identify the controllability of the BDD electrode. In order to examine whether the BDD electrode disinfector can be scaled up to a practical natural water disinfection process, the bactericidal effect of the BDD electrode disinfector was confirmed by treating river water samples containing a large number of viable microbes, including E. coli, without any additional electrolytes.
MATERIALS AND METHODS

Preparation of BDD electrode reactor
The BDD electrode used as a water disinfector to sterilize bacteria-contaminated water is illustrated in Figure 1 . It was configured with a BDD electrode cell (DIACHEM ® W; Condias GmbH, Itzehoe, Germany), a direct-current power source, a peristaltic pump and a flow rate controller.
In order to ensure the feasibility of using lower-cost materials, the electrode was produced by coating BDD mL À1 . The bacterial suspension was then used as the artificially contaminated water sample. The P. aeruginosa and L. pneumophila suspensions were prepared following a similar method, except that L. pneumophila was pre-cultured with a charcoal yeast extract (CYE) medium containing alpha-ketoglutarate (Becton Dickinson) at 37 C for 72 h.
The natural river water samples were collected from the headwaters and the downstream waters of Turumi River (Kanagawa, Japan) and were stored at 4 C. The Tsurumi River was the third worst in the Japanese river water ranking of 2006, reported by the Ministry of Land, Infrastructure, Transport and Tourism. The environmental water quality standard categories for the Turumi River sample was rank C and its COD value was 106.1 mg dm À3 . The electrical conductivity was 411 mS cm À1 in the headwaters and 27 mS cm À1 in the downstream region. The disinfection studies of the river water samples were implemented as soon as possible to acquire stable, accurate microbiological analysis data. The detection of microorganisms, including E. coli, was carried out according to the Japanese National Standard methods.
Treatment of artificially contaminated water and natural river water
Artificially contaminated water samples were transferred into the BDD electrode disinfector with a peristaltic pump at a flow rate of 250 mL min À1 and were treated with a constant voltage. During the water treatment process, the sampling was conducted with two cycles of treatment (approximately 16 min interval). Various constant voltages (3-5 V) and flow rates (100, 250 and 500 mL min À1 ), as well as NaCl concentrations (0.1, 0.45 and 0.85%), were used for investigating the influence of production parameters on the bactericidal kinetics. Referring to the results observed from these experiments, the natural river water samples were treated under an optimum condition of 4 V and 250 mL min À1 flow rate for 24 min, without any additional electrolyte. All inactivation tests were performed at room temperature (20 ± 2 C) to simulate actual water treatment conditions. The bactericidal studies were repeated a minimum of three times for each strain to ensure accuracy.
Bacteriological viability assessment and data analysis
The viability of E. coli and P. aeruginosa in the artificially contaminated water samples was analyzed with NB agar medium (Becton Dickinson). For the natural river water, the E. coli were detected with XM-G agar medium (Nissui, Japan) and other microbial contaminants were analyzed with NB agar. The water samples from all sampling points were diluted with PBS in a tenfold dilution series. One milliliter aliquots of each dilution stage of the water samples were mixed with 14.0 mL of XM-G or NB agar medium at 45 C in a 10 cm Petri dish and were allowed to cool to room temperature. After the medium solidified, the dishes were incubated at 35 C for 24-48 h to determine the number of CFUs. The latter were counted in three parallel analyses for each sample and the bacterial survival rate was calculated as: Using 2 V (0.015 mA) in 0.1% NaCl solution was not at all effective during 2 h, since the E. coli concentration was the same as at the beginning (approximately 1.2E þ 9 cells mL À1 ). In contrast, 3 V already after 30 min destroyed all E. coli cells to less than the detection limit (which is 1 cell in 1 mL). Simultaneously, we found that the current increased drastically at 3 V (4.5 mA), which suggested that some special reactions began to occur in the electrolytic process. According to the theory given in (1) and (2), these phenomena could be attributed to the fact that the amounts of ozone produced by the electrolysis of the solution at 3 V were larger than those at 1.8 V:
It has been documented that the electrolysis of water (5):
It should further be noted that the Cl 2 and OH À produced can react as follows:
At the same time, chlorine dioxide can be found among the oxidants produced from the electrolysis of solutions, according to Equation (8):
In addition, H 2 O 2 is formed at the cathode, as described by Equation (9):
There are various explanations for the mechanism of microbial inactivation by electrochemical processes. Most studies stated that the excellent electrochemical sterilization inactivation of P. aeruginosa to achieve a similar efficiency ( Figure 2(b) , round symbols). The different sensitivities to the electrochemical treatment between the two bacterial strains may be due to the outer membrane permeability of P. aeruginosa, which is 12-100 times lower than that of E. coli, as reported by Nikaido & Hancock () . It has been clarified that, in a variety of antibiotic resistance mechanisms of P. aeruginosa, a low outer membrane permeability posed by its mucous membranes is an important feature (Hancock & Speert ) .
Influence of operating parameters on electrochemically induced bactericidal kinetics
The influence of operating parameters, including voltage, electrolyte concentration and flow rate, on electrochemically induced bactericidal activity was found to be significant.
When the constant voltage was fixed at 4.0 V, the growth of E. coli and P. aeruginosa was completely inhibited within a short treatment time (48 min). After application of 5.0 V for 16 min, no bacterial colonies were formed on the cultured agar plate from the treated water samples (Figure 2(a) and (b)). As shown in Figure 3 , increased NaCl concentration also enhanced the bactericidal efficiency of the BDD disinfector; however, this influence was much less than that caused by increased voltage.
It is remarkable that the influence of flow rate on the bactericidal kinetics of the BDD disinfector was significant when the concentration of electrolyte was fixed.
When water disinfection was performed with a flow rate of 100 mL min À1 , the inactivation activity was greatly reduced. Referring to the mechanism of electrochemical inactivation described above, it is clear that the disinfection efficiency depends on the dose of various electrochemically produced reactive oxidants in the BDD cells. The production rate of various reactive oxidants under a fixed constant voltage is proportional to the dose of electrolyte provided to the unit area of BDD electrode in unit time.
Thus, the inactivation efficiency in 100 mL min À1 was lower than in 250 mL min À1 , which can be ascribed to the lower production rate of reactive oxidants of 100 mL min À1 .
Interestingly, there was no inactivation of E. coli when the flow rate was increased to 500 mL min À1 , as shown in Figure 4 .
We consider that excessive electrolyte flow rate led to the extremely short contact time between the electrolyte and BDD electrode to produce very few oxidants. It can also disturb the diffusion of produced oxidants to the bacteria in the aqu- residual chlorine due to the shorter residence time of the electrolyte in the electrolytic cell. From these findings, the message is clear that finding an optimal flow rate is vital to obtain a satisfying bactericidal efficiency by using electrolysis at a specific electrolyte concentration and voltage conditions.
We also note that there were no temperature changes observed through the whole range of experimental settings used, even for the 5.0 V (15 mA cm À2 ) treatment for 96 min. We ponder that electrochemical treatment did not change the temperature, but temperature together with electrolytic treatment might have a common effect.
Changes in pH value of solutions
Production of H þ and OH À by the electrolysis of water may generate modifications in the pH of bacterial suspensions.
The results of measurements of pH in E. coli suspensions are shown in Figure 5 , which indicates that little change in pH was induced by electrolysis at higher voltages (4 and 5 V). In general, the reduction of water in the cathode compartment of an electrochemical cell can increases the pH due to the consequent hydrogen evolution and the formation of hydroxyl anions. On the other hand, the reactions that include oxygen evolution, chlorine evolution and organic oxidation occur on the anode surface. In contrast to the hydroxyl formation on the cathodic side, there is generation of protons (H þ ) on the anodic side, which may decrease the pH. When the products of the two electrodes mix together in an electrolytic cell without a unidirectionally permeable membrane, as with the present BDD electrode cell, the pH value was only slightly increased at higher voltages, such as 4 V and 5 V. Guillou & Murr () have reported that no lethal effect of pH in the 5-8.5 range was observed on the inactivation of yeast Saccharomyces cerevisiae by electrolysis. Therefore, it can be suggested that the influence of pH from 6.5 to 8.5 shown in Table 1 is relatively small and did not contribute to the inactivation activity of the bacteria in our electrolysis process.
On the basis of the results described above, it can be summarized that the cell density of both bacterial strains decreased proportionally to the voltage value, electrolyte concentration, oxidant production rate and detention time.
For bactericidal efficiency, running cost and water environmental safety consideration, searching for the optimum operating conditions corresponding to the electrolytic system applied is very important. For the whole range of experimental settings used in this study, we conclude that a voltage of 4 V and a flow rate of 250 mL min À1 are optimum treatment conditions for the BDD electrode disinfector, when the electrolyte was fixed at 0.1% NaCl.
Practicability of BDD electrode
We used 4 V and a 250 mL min À1 flow rate to treat L. pneumophila suspensions at a density of approximately 10 × 10 7 cells mL À1 and found that the viable L. pneumophila in the treated water samples decreased to virtually zero within 64 min when analyzed by fluorescence-based bacterial staining ( Figure 6(a)-(c) ). This result was verified by the microbial Figure 5 | Changes of pH in electrolyzed artificial wastewater containing 0.1% NaCl. Other microbial contaminants 0 1 × 10 5 8 × 10 4 8 2 × 10 2 1 × 10 1 16 0 0
The river water samples were obtained from the Turumi River (Kanagawa, Japan). The bactericidal tests were performed with a 4 V voltage and a 250 mL min À1 flow rate using the BDD electrode reactor.
culture method ( Figure 6(d) ). As is already well known, E. coli, P. aeruginosa and L. pneumophila are typical pathogens that cause waterborne infections in a wide range of water sources. The strong bactericidal action of the BDD electrode against these infectious pathogens provides a highly promising approach to the prevention of waterborne diseases. Finally, we treated natural river water samples by the BDD electrode disinfector with the enumerated optimum conditions. As stated in the materials section, the electrical conductivities in the headwater and downstream regions are relatively high and sufficient for the electrochemical oxidation treatment without adding any electrolyte. Table 1 shows that there were 540 ± 10 cells mL À1 of E. coli in the headwaters and 495 ± 10 cells mL À1 of E. coli in the downstream region before the treatment. After the water samples were exposed to the disinfector at the enumerated optimum conditions for only 16 min, the microorganisms, including E. coli, were reduced to a non-detectable level.
Complementary, in our further study with a combined BDD electrode and TiO 2 photocatalyst unit, the COD values of the Tsurumi River water samples were reduced from 106.1 mg dm À3 to less than 1.0 mg dm À3 , i.e., an environmental water quality standard category rank of AA for the sample (Ochiai et al. ) .
CONCLUSIONS
A BDD electrode was employed as a water disinfector due to its electrochemical, mechanical and thermal stability, as well as its large overpotential for gas evolution. The strong bactericidal activity of the disinfector was confirmed on wastewater artificially contaminated with E. coli, P. aeruginosa and L. pneumophila. The bactericidal kinetics was significantly enhanced by increasing the voltage and electrolyte (NaCl) concentration. The optimum flow rate of electrolyte through the BDD electrode cell is required to obtain the expected bactericidal efficiency at a certain voltage. Using the BDD electrode, a large number of viable microorganisms including E. coli in the natural river water samples can be effectively destroyed to less than the detection limit (which is 1 cell in 1 mL) without any additional electrolyte. The results indicated that the BDD electrode can be applied in a variety of different designs of water treatment systems in response to various wastewater treatments, such as medical and industrial purposes. With reference to the results of this study, practically, we have applied the BDD electrode in a novel electrochemical-photocatalytic sequential water treatment system (Ochiai et al. ) . This system may be useful for supplying higher quality water during a disaster due to its highperformance water treatment, which is totally driven by solar energy.
